Deoxyribonucleic acid (DNA) synthesis in bacteriophage 4)29-infected Bacillus amyloliquefaciens was studied at 37 and 45 C. Infectious intracellular particles appear at the same time at both temperatures, but the average burst size is reduced 45 to 50% at 45 C. There is a transient inhibition of cellular mass increase at 45 C which is not observed at the lower temperature. In addition, the rate of host DNA synthesis is reduced and the onset of viral-specific DNA replication is delayed for 6 to 9 min at 45 C. These findings allowed us to screen phage 4)29 mutants which are sensitive to growth at 45 C for their ability to synthesize 4)29 DNA in the absence of host DNA replication. We obtained mutants which make no viral DNA, reduced levels of DNA, or normal quantities of DNA under nonpermissive conditions. Pulse-labeled viral DNA which sediments more rapidly than mature 429 DNA molecules was observed after gentle cell lysis and zone sedimentation. This DNA is not a precursor of normally sedimenting 429 DNA and apparently consists of mature 429 DNA molecules aggregated with large pieces of bacterial DNA.
Deoxyribonucleic acid (DNA) synthesis in bacteriophage 4)29-infected Bacillus amyloliquefaciens was studied at 37 and 45 C. Infectious intracellular particles appear at the same time at both temperatures, but the average burst size is reduced 45 to 50% at 45 C. There is a transient inhibition of cellular mass increase at 45 C which is not observed at the lower temperature. In addition, the rate of host DNA synthesis is reduced and the onset of viral-specific DNA replication is delayed for 6 to 9 min at 45 C. These findings allowed us to screen phage 4)29 mutants which are sensitive to growth at 45 C for their ability to synthesize 4)29 DNA in the absence of host DNA replication. We obtained mutants which make no viral DNA, reduced levels of DNA, or normal quantities of DNA under nonpermissive conditions. Pulse-labeled viral DNA which sediments more rapidly than mature 429 DNA molecules was observed after gentle cell lysis and zone sedimentation. This DNA is not a precursor of normally sedimenting 429 DNA and apparently consists of mature 429 DNA molecules aggregated with large pieces of bacterial DNA.
The mature deoxyribonucleic acid (DNA) of bacteriophage q529 has been shown to be unique for a virulent virus in that it is nonpermuted and has exposed terminal repetitions (1, 20) . These features, along with the fact that the 429 DNA molecule has a molecular weight of only 11 X 106 daltons (1) , encouraged us to begin a systematic analysis of replication of the 429 genome. A series of temperature-sensitive mutants of phage 4b29 which were placed into 13 complementation groups (Hagen, Zeece, and Anderson, submitted for publication) allowed us to initiate studies on this particular aspect of phage 429 development.
This report describes the effects of infection at the nonpermissive temperature on both wild-type and mutant phage DNA synthesis.
MATERIALS AND METHODS Bacteria and phage. Bacillus amyloliquefaciens H (20) was employed in most of these studies. B. subtilis strain 12A (12) was used as the plating host for phage q29 because of the clearly defined plaques formed on this strain. The efficiency of plating was essentially the same with both strains. Phage 4)29 was originally obtained from B. E.
Reilly. Temperature-sensitive 429 phage mutants were kindly supplied by E. W. Hagen.
Growth conditions. Bacteria were grown with aeration in Penassay Broth (Difco) as described by Reilly and Spizizen (12) . The temperature of incubation was controlled within one-half degree of that designated for each experiment. Growth (increase in cell mass) was followed by optical density readings with a Klett-Summerson colorimeter (no. 66 filter) with Penassay Broth used as a blank. The rapid transfer of cells required during the pulse-chase experiment was performed as described previously (14) .
Preparation and assay of phage. Purified stocks of wild-type phage 429 were prepared as described previously (2). High-titer mutant phage stocks were prepared by the agar layer method described by Swanstrom and Adams (18) . Such stocks always showed a difference in titer at 37 and 45 C of at least 105 plaqueforming units (PFU) per ml. When phage were titered during propagation, 0.2 ml of chloroform was added per ml of culture sample, and the cleared suspension was stored at 4 C. 32P-labeled phage were prepared by infecting rapidly growing cells in Penassay Broth containing one-tenth the normal phosphate concentration and supplemented with 50 uCi of HIP3204 per ml. After banding in CsCl, the phage had a specific activity of 1.5 X 105 counts per min per 1012 PFU.
Phage were assayed by the overlay technique as described by Reilly and Spizizen (12) PHAGE +29 DNA SYNTHESIS DNA in uninfected or phage-infected cells was normally pulse-labeled with 3H-thymidine (0.1 or 0.01 mCi/ml of culture) for 3 min. In experiments requiring gentle cell lysis, the pulse was terminated by the addition of an equal volume of the lysis mixture described by Botstein (4) , and the lysates were prepared for sucrose gradient analysis as described by Smith and Levine (16) . When the rate of DNA synthesis was being determined, the pulse was terminated by the addition of an equal volume of iced 10% trichloroacetic acid. Duplicate samples were then washed through 25-mm membrane filters (0.45-,um pore size, HA type, Millipore Corp.) as described by Smith and Hanawalt (15) . After drying, the filters were counted for radioactivity. Sucrose gradient sedimentation. Zone sedimentation through sucrose gradients was carried out as described by Botstein (4) and Smith and Levine (16) . Sedimentation was for 90 min at 35,000 rev/min in the SW39 swinging bucket rotor in a model L2-65 Spinco ultracentrifuge. The gradients were fractionated by puncturing the bottom of the tube and collecting the drops on Whatman 3MM filter discs. The discs were treated as described by Botstein (4) , and the radioactivity was measured as described below.
DNA isolation. (14) . RESULTS Phage production at various temperatures. Before studying the growth of temperaturesensitive mutants under nonpermissive conditions, we determined whether there were any effects other than a reduction in burst size on the development of wild-type phage at 45 C. The ability of wild-type phage q629 to propagate at 37 C (Fig. 1A ) was compared to development at 45 C (Fig. 1B) . Adsorption of the phage was reduced slightly at 45 C, although the appearance of chloroform-resistant, infectious intracellular particles occurs at about 30 min in both cases. There is a reduction of 50 to 55% in the final yield of phage at the high temperature. Phage infection at 37 C has little effect on the increase in optical Fig. 1B , phage infection at 45 C had a marked effect on the increase in optical density. There is an immediate inhibition of cell mass increase which lasts about 10 min. The optical density of the 45 C culture then increases for 30 to 40 min, reaching about 60% of the optical density of the 37 C culture prior to cell lysis. DNA synthesis in infected cultures at 37 and 45 C. To find an explanation for the inhibitory effect of infection at 45 C, pulse-labeling with 3H-thymidine was used to determine the rate of DNA synthesis during wild-type phage development at 37 and 45 C. Figure 2 illustrates that the rate of synthesis at 37 C remains almost constant for about 15 min and then rapidly increases to a peak at about 30 min. In contrast, the rate of DNA synthesis at 45 C drops for about 22 min and then increases to a maximum at about 45 min. Thus, the pattern of DNA synthesis at the two temperatures is different, and the drop in rate after infection at 45 C indicated that both host and viral DNA synthesis might be effected.
Appearance of viral DNA at 37 and 45 C. Figure  3A illustrates the separation of host DNA and q529 DNA which can be obtained by gentle cell lysis and sedimentation through a 5 to 20%, sucrose gradient. Since the viral DNA is small (11 X 106 daltons) compared to the gently extracted host DNA (about 120 X 106 daltons), the two species can be readily separated and identified by this procedure. Samples of a culture infected with phage q529 at 37 C were pulse-labeled with 3H-thymidine for 3 min, gently lysed, and analyzed by zone sedimentation. At 37 C, viral DNA first begins to appear between the 9th and 12th min, and is synthesized in large quantities by the 30th min ( Fig. 3 B-E) . In samples from cultures grown at this temperature, there was always label which sedimented where host DNA was normally found, although the shape of the peak was variable. Figure 4 presents a similar experiment except that the infection was carried out at 45 C. In this case, viral DNA could not be detected before the 18-to 21-min pulse. It is important that, in these samples, there was a time interval (18 to 21 min) when no label could be found in the area of the gradient where host DNA normally banded. Later in infection (Fig. 4E) , radioactive DNA could be found near this region, and its location and size were variable. The nature of this DNA will be discussed later. It appears that the differences in the rate and quantity of DNA synthesis in infected cultures incubated at the two viral DNA synthesis at 45 C was performed by pulse-labeling infected cultures for 3 min with 3H-thymidine at 30 min after infection, gently lysing the cells, and sedimenting the lysates through sucrose gradients. Figure 6A presents a control gradient in which the sample was from cells infected with wild-type phage. Both normally and heavily sedimenting DNA can be seen. Figure  6B illustrates results obtained with mutant 35 from cistron 5. This mutant appears to make little if any viral DNA at 45 C, although there is a small amount of rapidly sedimenting DNA present toward the bottom of the gradient. Figure 6C shows results obtained with mutant 136 from cistron 9. This mutant appears to make an intermediate level of viral DNA when infection is carried out at the nonpermissive temperature. Although the DNA which is found toward the bottom of the gradient has not been analyzed, it would be of interest to determine whether it is viral or host DNA. Figure 6D represents results obtained with mutant 225 from cistron 11. This mutant produces normal or elevated levels of viral DNA at 45 C.
Since the above experiments analyzed the ability of mutants to induce DNA synthesis at only one specific time after infection, it was possible in the case of mutant 35 that replication occurred earlier in infection and then ceased or was delayed until later in the lytic cycle. In addition, it was of interest to determine the time-course of synthesis of the DNA produced by mutant 136. Table 2 follow the production of viral-specific DNA by mutants 35, 136, and 225 at 45 C. The results with mutant 35 indicate that this mutant does not induce viral DNA synthesis for at least 57 min after infection. In contrast to this, mutant 225 makes viral DNA at 45 C in a manner almost identical to that of wild-type phage. Mutant 136 is of particular interest since the onset of viral DNA synthesis is essentially normal (21 to 24 min), but replication is retarded and never reaches the wild-type rate. The mechanism for this inhibition of replication has not been clarified.
Rapidly sedimenting 429 DNA. The nature of the pulse-labeled DNA which sedimented more rapidly than mature 4)29 DNA molecules in several of our experiments was investigated. If this DNA is a precursor to mature DNA molecules, one should be able to chase the label from the lower portion of the gradient into the normal phage DNA band by incubating infected pulselabeled cells in a medium containing an excess of nonradioactive thymidine. Table 3 phage 4)29 were incubated at 45 C to allow inhibition of host DNA synthesis, and 30 min after infection were pulse-labeled for 3 min with 3H-thymidine. The pulse was terminated by rapidly transferring the cells to fresh prewarmed medium containing excess thymidine. Samples of the culture were removed at various intervals and their labeled DNA was analyzed by sucrose gradient sedimentation. It is apparent that the amount of DNA in both the rapidly sedimenting and normal 4)29 DNA bands remained almost constant even when the chase was continued for 15 min. Thus, it appears unlikely that the fast-sedimenting DNA is a precursor of mature 4)29 DNA molecules.
The rapidly sedimenting DNA and the normally sedimenting mature 4)29 DNA observed in the above experiment were collected from a set of tubes centrifuged under identical conditions, and the pooled samples were analyzed by DNA-DNA hybridization. Table 4 presents the results of this study and clearly shows that essentially all of the rapidly sedimenting label is in 4)29 DNA and that there is only a small amount of host DNA present. Table 4 also shows that there is no labeled host DNA present in the band representing mature 4)29 DNA molecules.
Various attempts were made to convert the radioactive rapidly sedimenting DNA to molecules which would sediment with normal 429 DNA in sucrose gradients. Two techniques were immediately successful. First, shearing the sample, by drawing it through a small bore pipette several times before layering onto the gradient, caused the heavily sedimenting DNA to band at (Table 5 ).
DISCUSSION
The effect of elevated temperature (from 37 to 45 C) on the inhibition by phage SP82 of protein and DNA synthesis in B. subtilis was studied by Hayward (10) . It was demonstrated that a short incubation of the cells at 45 C before infection resulted in interference with the ability of the phage to inhibit host protein and DNA synthesis as it normally did at 37 C. Prolonged pregrowth at 45 C eliminated the interference. It was suggested that the inhibition of host DNA synthesis at either temperature was the result of reduction of the thymidine triphosphate pool after infection.
Our work with phage 4)29 presented in this paper gave a very different result when infection was studied at 45 C. As illustrated in Fig. 1 , infection with phage 429 at 45 C had an immediate reproducible effect on growth of the host cells accompanied by inhibition of host DNA synthesis (see Fig. 4 ). In addition, the onset of viralspecific DNA synthesis at the elevated temperature is delayed for 6 to 9 min. Although we have no immediate explanation for these inhibitory effects, it is possible that at 45 C an infected cell is Rapidly sedimenting intracellular forms of phage DNA have been reported by several investigators. Probably the best characterized form is the superhelix found in cells infected with the temperate phage lambda (3, 21) and P22 (13, 19) . As discussed by Thomas, Kelly, and Rhoades (19) , this entity is probably not an intermediate in replication but a product of the replicative process. Other fast-sedimenting molecules have been detected during the development of T4 (7, 8) , T5 (17), T7 (11), P22 (4), and lambda (22) . All of these forms appear to be intermediates in the formation of mature viral DNA molecules, and as demonstrated by Kelly and Thomas (11) with electron microscopy, these molecules probably represent concatemers. In this report we have presented evidence that the rapidly sedimenting pulse-labeled DNA found in phage 429-infected cells is almost exclusively viral ( Table 4 ), but that it is probably not an intermediate in the formation of mature 4)29 DNA molecules since it cannot be chased into the latter form (Table 3) . We feel that the rapidly sedimenting 429 DNA represents viral DNA molecules which are trapped by the large pieces of host DNA present in the gradient. Our evidence for this is the conversion of the labeled DNA to material that sediments with mature 429 DNA molecules by allowing the samples to remain at 24 C for 5 to 7 days before gradient analysis or by gently shearing the DNA to reduce the viscosity of the sample ( 
